Algae  by Raven, John A. & Giordano, Mario
Current Biology Vol 24 No 13
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M. volans indicate that Maratus 
females are very choosy, and once 
a female has already mated, she 
is unlikely to mate again (M.G., 
unpublished data). Compared to 
virgins, mated females are also more 
aggressive and generally spent a 
lower proportion of time attending 
subsequent males’ displays (M.G., 
unpublished data). Overall, low 
mating rates, and no multiple mating, 
suggests that strong sexual selection 
is operating in this system. 
Is there other evidence for sexual 
selection in this group? Male 
sexually selected traits and visually 
mediated displays are important 
during courtship of females in the 
majority of salticids examined. 
The complex display repertoires of 
jumping spiders probably reflect 
sexual selection rather than a need 
for reproductive isolation or reduction 
of cannibalism. In peacock spiders, 
and other salticids using abdominal 
displays, the location of abdominal 
ornaments correspond to how and 
from what direction the abdomen is 
held and waved so that the female 
can see the ornaments during 
courtship. 
Peacock spider males do not 
develop their bright colors until they 
become mature, further suggesting 
a strong role for sexual selection 
in generating conspicuous male 
appearances. Moreover, there is direct 
genetic and behavioral evidence for 
sexual selection in jumping spiders. 
Numerous studies across the family 
show an association between species 
richness and the development of sexual 
traits, suggesting that sexual selection, 
supported by superb vision as a key 
innovation, could be an important 
driver of diversity in the group.
Why are peacock spiders a unique 
biological system? Small terrestrial 
arthropods are inherently different 
from their well-known vertebrate 
counterparts: because of this large 
phylogenetic gap, these organisms 
provide exceptional opportunities to 
test our understanding of fundamental 
biological principles. For example, 
are there processes that are unique 
to the miniature spatial scales on 
which salticids operate? Also, what 
is the cognitive architecture required 
for organisms of such a compact size 
to produce, perceive, and process complex behavioral displays? 
Members of the Maratus genus 
exhibit some of the most spectacular 
arthropod displays known. Different 
species vary widely in habitat as well 
as visual and vibrational signaling 
traits, making them particularly 
tractable for studies of multi-modal 
signaling. While we are only just 
beginning to uncover aspects of their 
physiology, behavior, and ecology, 
it is clear that peacock spiders will 
enrich our understanding of sensory 
ecology, sexual selection, and trends 
in diversification.
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Algae frequently get a bad press. Pond 
slime is a problem in garden pools, 
algal blooms can produce toxins 
that incapacitate or kill animals and 
humans and even the term seaweed 
is pejorative — a weed being a plant 
growing in what humans consider 
to be the wrong place. Positive 
aspects of algae are generally less 
newsworthy — they are the basis of 
marine food webs, supporting fisheries 
and charismatic marine megafauna 
from albatrosses to whales, as well 
as consuming carbon dioxide and 
producing oxygen. Here we consider 
what algae are, their diversity in terms 
of evolutionary origin, size, shape and 
life cycles, and their role in the natural 
environment and in human affairs.
Defining algae
Algae are not readily defined. An 
alga can be broadly described as 
an organism carrying out oxygen-
producing (oxygenic) photosynthesis 
that is not a ‘higher plant’ 
(embryophyte). Figure 1A indicates 
oxygenic photosynthesis in terms of 
chemical substrates and products, 
but not their stoichiometry. This 
definition includes cyanobacteria and 
eukaryotes in a number of clades 
with the eukaryotic algae originating 
from a symbiosis between a non-
photosynthetic eukaryotic cell and 
a photosynthetic cyanobacterium. 
However, phylogenetic definitions 
of algae conflict with the ‘oxygenic 
photosynthesis’ part of the definition 
given above because there have been 
multiple losses of the capacity for 
photosynthesis. Such losses have also 
occurred in embryophytes, adding 
to the complexity of trying to define 
these lineages in functional terms. 
While oxygenic photosynthesis is 
monophyletic, the eukaryotic algae are 
polyphyletic. This is explained by the 
occurrence of serial endosymbioses. 
The primary endosymbiosis 
giving rise to eukaryotic algae 
involved the incorporation of a 
cyanobacterium by a eukaryote to 
produce the chloroplasts of a clade 
comprising glaucocystophytes, 
red and green algae (and hence 
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Figure 1. Algae. 
(A) Schematic depiction of algal photosynthesis: algae carry out oxygenic photosynthesis; the term ‘oxygenic’ refers to the fact that algae, like 
plants, generate O2 as a byproduct of water oxidation for the provision of electrons to the photosynthetic electron transport chain, including the 
two sequential photochemical reactions. CO2 fixation occurs thanks to catalysis by the enzyme ribulose bisphosphate carboxylase (Rubisco) 
and other enzymes of the Benson-Calvin cycle, with consumption of the ATP and NADPH generated using light as the energy source. (B) Sum-
mary of algal phylogeny: cyanobacteria were the first oxygenic organisms that then were involved in a primary endosymbiotic event that gave 
rise to eukaryotic algae. Further secondary and tertiary endosymbioses generated other algal groups. A clade of the green algae, the charo-
phytes are the progenitor of plants (embryophytes). Panels C, D and E describe the main modes of reproduction of algae, which are capable of 
both asexual and sexual reproduction, with life cycles that may include a variable number of haploid and diploid stages.embryophytic plants). Secondary 
endosymbioses of red and green 
algae in other eukaryotes produced 
further eukaryotic algae. Secondary 
endosymbioses involving green algae 
gave rise to the chlorarachniophytes 
and euglenoids and those involving 
red algae gave rise to apicomplexans, 
plus dinoflagellates, cryptophytes, 
haptophytes and heterokonts such 
as brown algae and diatoms. Serial 
secondary symbiotic events have 
been hypothesized for diatoms, with 
an initial green algal endosymbiosis 
followed by a red algal endosymbiosis. 
Tertiary endosymbioses are also 
known in dinoflagellates. The phylogeny of algae is indicated in 
broad outline in Figure 1B, and the 
first occurrence of cyanobacteria 
and eukaryotic algae, as well as 
embryophytic plants and metazoans 
and the rise in oxygen through time, 
are shown in Figure 2B.
Algal diversity
Cyanobacteria (Cyanophyceae or 
blue-green ‘algae’)
The cyanobacteria resemble 
eukaryotic algae in their physiology 
and ecology, with the exception 
that some of them can fix nitrogen 
without dependence on symbionts. 
However, ultrastructural and then molecular genetic studies clearly 
showed that cyanobacteria are 
Gram-negative bacteria. It is 
now firmly established that the 
hypothesis proposed in the early 
twentieth century by Mereschowsky 
that plastids of eukaryotic algae 
and of plants are derived from 
endosymbiotic cyanobascteria is 
correct. The term ‘blue-green’ (and 
‘cyano-’) comes from the colour 
of many cyanobacteria, resulting 
from the presence of phycocyanin 
as a light-harvesting pigment 
that absorbs red wavelengths. 
Others have phycoerythrin with 
absorption in the green region of the 
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the blue and red absorption peaks 
of chlorophyll a. Chlorophyll a is 
the light-harvesting pigment that 
also catalyses the photochemical 
reactions of photosynthesis in all 
oxygenic photosynthetic organisms, 
apart from a few cyanobacteria that 
have photochemistry catalysed by 
chlorophyll d that absorbs some 
radiation in the near infrared. Three 
clades of cyanobacteria have 
replaced almost all of the phycobilins 
(phycocyanin plus phycoerythin) by 
chlorophyll b (or a variant thereof) — 
one of these is the very small but 
very abundant warm-water marine 
cyanobacterium Prochlorococcus. 
Chlorophyll b also occurs in green 
algae and embryophytes as well as in 
secondary endosymbioses involving 
green algae, the chlorarachniophytes 
and the euglenoids.
Archaeplastida (Plantae): 
glaucocystophytes
Glaucocystophytes are a small 
group of unicellular freshwater 
algae, demonstrated by molecular 
phylogenetic studies to be basal 
in the Archaeplastida. The plastids 
of these algae have similarities to 
cyanobacteria in the peptidoglycan 
layer between the inner and outer 
plastid envelope membranes, and 
phycobilisomes containing light-
harvesting phycobilin pigments. These 
phycobilisomes occur on the outer 
surface of the thylakoid membranes, 
as is the case for cyanobacteria 
and red algae, giving the 
glaucocystophytes their blue-green 
colour like that of many cyanobacteria 
and some red algae.
Archaeplastida (Plantae): 
rhodophytes
The rhodophytes are a large clade 
of eukaryotic algae — a few are 
unicellular, while most are multicellular 
with many reaching a high level of 
complexity. As their name suggests, 
they are often red as a result of 
the presence of high levels of 
phycoerythrin. However, there are 
also red algae, particularly those 
from fresh water, that are blue-green 
in colour, as well as some that are 
almost black. The mid-nineteenth 
century Irish phycologist W.H. Harvey 
pointed out that the assigning of 
algae to the green, red and brown 
higher taxa is best made on young 
stages in the life cycle of the larger organism. We now know that this is 
because the smaller structures are 
optically thinner and therefore have 
a colour more closely related to their 
pigmentation and relatively unaffected 
by the self-shading associated with 
the denser ‘packaging’ of pigments of 
older specimens (‘package effect’). The 
package effect is especially obvious 
in red algae with very thick thalli; in 
these organisms, pigment self-shading 
can result in almost complete photon 
absorption across the visible spectrum 
that makes the thalli appear almost 
black. Finally, the red algae, and most 
algae with plastids derived from red 
algae by secondary endosymbiosis, 
have a form ID Rubisco. This was 
derived by horizontal gene transfer 
from a proteobacterium, replacing the 
form IB Rubisco of cyanobacteria and 
green algae and their derivatives the 
chlorarachniophytes, euglenoids and 
embryophytes.
Archaeplastida (Plantae): 
chlorophytes
The chlorophyte clade of green algae, 
like charophytes, embryophytes, 
chlorarachniophytes and euglenoids, 
contain chlorophyll a as well as 
chlorophyll b. Some chlorophytes are 
unicellular, others are multicellular 
and have significant complexity. 
Some chlorophytes, with Caulerpa 
as the prime example, achieve a 
high level of differentiation with a 
superficial similarity to complex 
rhizomatous embryophytes; 
however, unlike the embryophytes 
they superficially resemble, these 
organisms are unicellular or, perhaps 
better, acellular. Such organisms 
pose interesting challenges to the 
view that differentiation among cells 
within an organism is fundamental 
to its morphogenesis, and recall the 
aphorism attributed to Anton de Bary, 
“The plant forms cells, not cells the 
plant.” While it is the charophytes 
rather than the chlorophytes that gave 
rise to embryophytic land plants, the 
three clades of chlorophytes are the 
dominant taxon of eukaryotic algae 
on land, both as free-living organisms 
and in symbiosis with fungi as lichens. 
Archaeplastida (Plantae): 
charophytes (plus embryophytes)
Charophytes are predominantly 
freshwater green algae, with some 
species inhabiting waters with large 
fluctuations in salt concentration, 
or free-living on land. As the algal clade ancestral to embryophytes, 
charophytes are receiving 
particular attention by practitioners 
of molecular phylogenetics to 
determine the most likely extant 
descendants of the algae that gave 
rise to the embryophytes. Thus far 
there is no conclusive outcome to 
such analyses. Therefore, there 
is no especially favoured role 
for the largest and most highly 
differentiated charophyte algae, 
the Charales. These aquatic green 
algae morphologically resemble 
embryophytes such as the horsetails 
(Equisetum spp.), but the internodes, 
which are up to 100 mm long 
and 2 mm in diameter, are single 
coenocytic cells — in some Chara 
species these coenocytic cells 
are surrounded by much smaller 
corticating cells. This arrangement, 
like that in the acellular chlorophyte 
Caulerpa, facilitates the movement 
of resources obtained by different 
parts of the organism — that is, 
nitrogen and phosphorus obtained 
by rhizoids from sediment in great 
excess of what is needed by the 
rhizoids, and photosynthate that 
cannot be produced by rhizoids in 
sediments.
Rhizaria: chlorarachniophytes
The marine unicellular 
chlorarchniophytes obtained their 
plastids from endosymbiosis 
of a chlorophyte alga in non-
photosynthetic rhizarian cells. Other 
rhizarians are also photosynthetic; 
some acantharians, foraminiferans 
and radiolarians have endosymbiotic 
algae, predominantly dinoflagellates, 
while the freshwater rhizarian 
euglyphid amoeba Paulinella has 
endosymbiotic cyanobacteria 
(Synechococcus) that are regarded by 
some as organelles, although others 
disagree.
Excavata: euglenoids
Euglenoids are a group of freshwater 
and coastal marine flagellates, with 
several genera that have lost the 
capacity for photosynthesis and 
grow by osmotrophy or phagotrophy. 
Their plastids, like those of 
chlorarachniophytes, are derived from 
endosymbiotic green algae.
Alveolata: apicomplexans
The apicomplexans are mammalian 
parasites with non-photosynthetic 
plastids involved in some metabolic 
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Figure 2. The evolution and diversity of algae. 
(A) The size range of algae; Homo sapiens is included for comparison. (B) Key events in the 
biological history of Earth: cyanobacteria were responsible for the initial biological component 
of oxygenation of the planet, setting the stage for the subsequent evolutionary events that led 
to the radiation of the other algal groups and the appearance of metazoa and embryophytes.processes such as the assembly 
of iron-sulfur proteins. It is only 
in the present century that basal, 
photosynthetic, apicomplexans, the 
marine Chomera and Vitrella, have 
been described.
Alveolates: dinoflagellates
Dinoflagellates, the sister clade 
to the apicomplexans, are a large 
group of mainly unicellular marine 
and freshwater organisms. Many 
dinoflagellates have lost their 
plastids and live as phagotrophs or 
parasites. The plastids of the basal 
dinoflagellates are derived from 
endosymbiotic red algae, with the 
form ID Rubisco replaced by a form 
II Rubisco derived by horizontal gene 
transfer from a proteobacterium. 
However, in a number of cases (tertiary 
endosymbiosis) these plastids have 
been replaced by plastids derived 
from other algae, including many that 
are photosynthetic by secondary 
endosymbiosis. Others have 
kleptoplastids, considered below.
Chromista: heterokontophytes  
(ochrophytes)
The heterokontophytes are a diverse 
clade of eukaryotic algae, including 
secondarily non-photosynthetic 
organisms such as the oomycetes, 
a fungus-like group containing 
the important plant parasite 
Phytophthora. The heterokontophytes 
obtained their plastids by secondary 
endosymbiosis from a unicellular 
red alga, and they retain the form 
ID Rubisco of the red algae. The 
photosynthetic light-harvesting 
complexes contain light harvesting 
carotenoids and, with few exceptions, 
chlorophyll c. Ecologically very 
important heterokontophytes include 
the diatoms and the brown algae. The 
unicellular or filamentous diatoms 
are very probably the algal clade 
of marine phytoplankton that is 
responsible for the largest fraction 
of primary productivity; diatoms are 
also common in fresh waters. The 
brown algae are almost all marine, 
and are ecologically dominant primary 
producers on rocky shores, especially 
in cooler environments. Larger 
brown algae can appear very dark 
brown, similar to the larger red algae 
appearing to be almost black. The 
pigments of brown algae, like those 
of large ,optically dense chlorophyte 
algae such as larger species of 
Codium have lower absorptance in the green relative to the blue and 
red spectra than is the case for 
phycosythrin-containing red algae. 
Chromista: haptophytes
The haptophytes are mainly marine and 
predominantly unicellular algae. Their 
plastids were derived from secondary 
endosymbiosis of rhodophyte algae 
and their pigmentation is generally 
similar to that of the other chromists. 
The marine phytoplanktonic 
haptophyte Emiliania huxleyi is thought 
to be the globally most abundant (by 
number of individuals) eukaryote, and 
it has been recently shown from size 
fractionation, carotenoid pigments and 
metagenomic studies that very small 
haptophytes are very abundant in the 
marine phytoplankton.
Chromista: cryptophytes
Cryptophytes are unicellular 
flagellates in the plankton of marine 
and freshwater habitats. As is very 
common in algae derived by secondary 
endosymbioisis of red algae, the 
cryptophytes have chlorophyllides 
c as light-harvesting pigments. 
However, they also have phycobilin 
pigments that occur in solution in the 
thylakoid lumen of the chloroplast 
rather than, as in cyanobacteria and 
glaucocystophyte and rhodophyte 
algae, in phycobilisomes on the outer 
surface of the thylakoids.
Algal reproduction
Cyanobacteria occur in the haploid 
(n) state, whereas eukaryotic algae 
occur in either the haploid (n) or the diploid (2n) state. Cyanonabacteria 
do not have sexual reproduction, 
while some unicellular, and most 
multicellular eukaryotic algae have a 
sexual component to the life cycle, 
sometimes with two or even three 
phases. Asexual reproduction in 
unicellular algae involves cell division 
followed by cell separation (Figure 
1C). Formation of the algal colonies 
involves cells remaining associated 
after cell division, but without 
differentiation, distinguishing them 
from multicellular algal organisms with 
differentiation among vegetative cells 
including, in some cyanobacteria, 
the heterocysts involved in 
the assimilation of dinitrogen. 
Reproduction of colonial and 
multicellular algae involves asexual 
and/or sexual unicellular stages, and, 
for some organisms, fragmentation. 
Many eukaryotic microalgae (e.g. 
many diatoms and green algae) are 
known to have sexual reproduction 
(Figure 1D), and complete genome 
sequences of some eukaryotic algae 
in which sex has not been observed 
show that these organisms do have 
the genetic apparatus needed for 
meiosis, a process essential for 
eukaryotic sexual reproduction. 
Population genetic studies show 
that some microalgae with no known 
sexuality have low frequencies of 
recombination; the mechanism 
in particular cases is difficult to 
determine, although transformation 
involving cyanophages, and viruses 
of eukaryotic algae is a likely 
mechanism. 
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often involves the release of gametes 
and fertilization into the water body. 
In some organisms with dimorphic 
gametes the egg is retained by 
the parent — for example, some 
charophytes and most red algae — 
permitting (but not necessitating) 
transfer of resources from the parent 
to the zygote (matrotrophy). Many 
marine macroalgae have an alternation 
of phases (Figure 1E). There is a 
vegetative phase in their life cycle 
that is haploid (gametophyte) and 
reproduces sexually; the resulting 
zygote produces a diploid vegetative 
phase (sporophyte) that undergoes 
meiosis, generating haploid spores. 
The haploid spore regenerates the 
haploid vegetative phase. Many red 
algae have an additional diploid phase, 
the diploid carposporophyte, that is 
retained on the female gametophyte 
and allows the release of more diploid 
spores per fertilization event than 
would be the case if the zygote was 
released. This additional complexity 
of the life cycle has been suggested 
to be a response to a small fraction of 
eggs becoming fertilized because the 
male gametes are non-flagellate. Other 
algae with non-flagellate gametes, 
(e.g. some charophytes) have other 
strategies. Some freshwater red 
algae have abbreviated life cycles 
where the sporophyte (2n) becomes a 
gametophyte (n) by vegetative meiosis.
Many shapes and sizes
Many algae are unicellular, but even 
among single cells there is a very 
large size range. In the plankton, the 
range is from the 0.5 μm diameter 
of the marine cyanobacterium 
Prochlorococcus and the 1 μm 
diameter of the marine green alga 
Ostreococcus to the 1 mm diameter 
of the marine diatom Ethmodiscus 
(Figure 2A). Among benthic (attached 
to a substrate) algae, unicellular 
forms can be up to 50 mm in diameter 
(the globose coenocytic marine 
green alga Ventricaria) and up to 
8 m long (the branched coenocytic 
green alga Codium). The benthic 
marine green alga Caulerpa shows a 
significant degree of differentiation 
into a horizontal tubular structure 
analogous to a stolon, bearing 
upright photosynthetic assimilators 
analagous to leaves of green shoots 
and colourless rhizoids penetrating 
small-grained sediments or attached 
to rocks. These large coenocytic algae are best termed acellular rather 
than unicellular. Among multicellular 
algae the marine benthic brown 
Macrocystis can grow to up to 60 m 
long (Figure 2A). 
One indicator of the extent of 
differentiation, or complexity, of 
multicellular algae is the number 
of cell types. On this criterion, the 
multicellular brown and red algae (up 
to 14 cell types) are more complex than 
the multicellular green algae (up to 5 
cell types), but are less complex than 
the embryophytes (up to 44 cell types).
The diversity of algal species and 
their habitats
Using the definition of algae given 
above, estimates of the number of 
algal species range from 30,000 to 
over a million; some estimates suggest 
more than 200,000 species of diatoms. 
There are several problems with 
many estimates, for example, what 
constitutes a species in the different 
algal classes. A conservative and 
defensible estimate is 72,500 algal 
species. 
The majority of algae are 
photosynthetic and live in aquatic 
habitats, although some grow on soil, 
including desert crusts. In all cases, 
algae that depend on photosynthesis 
live where there is sufficient light 
to permit photosynthetic growth; in 
aquatic environments the limit for 
photosynthetic life is within, at most, 
300 m of the water surface where the 
photon flux density (400–700 nm) is 
not more than 10–5 that at the surface. 
A further example of algal growth 
under extreme conditions is growth at 
very low water potentials on land and 
also in very saline environments. The 
limits for such organisms is seen in the 
Dead Sea, where significant growth of 
halotolerant green microalga Dunaliella 
only occurs when surface waters are 
slightly diluted by heavy winter rains. 
Some algae are desiccation-tolerant, 
and can survive (but cannot grow) at 
very low cellular water content. 
The majority of algae are free-
living, but a significant number 
live in or on other organisms. 
Some of these associations are 
mutualistic symbioses with non-
photosynthetic ‘protists’ such 
as ciliates, foraminiferans and 
radiolarians, fungi (as lichens, mainly 
on land) and a number of metazoa, 
including sponges, cnidarians, 
flatworms, molluscs, tunicates 
and a vertebrate. Many of these symbioses are fully photosynthetic 
and do not require additional organic 
carbon. An interesting case is that 
of algal plastids in heterotrophic 
cells; since most of the algal cell is 
excluded from these associations, 
they cannot be considered to be 
symbioses. One example is the 
marine ciliate Myrionecta that ingests 
cryptophycean algal cells, followed 
by digestion of all of the algal cells 
except the plastids (retained as 
kleptoplastids) and nuclei. Retention 
of the nuclei means that the 90% or 
so of the genes needed for synthesis 
of plastids components that occur in 
the algal nucleus, as well as those in 
the plastid genome, are present within 
the ciliate — this may allow plastids 
to survive for longer than if the algal 
nuclei were absent. 
Kleptoplastids without the 
corresponding algal nuclei occur 
in a few protists and molluscs 
(saccoglossan gastropods). These 
kleptoplastids can contribute 
photosynthate to the consumer 
organisms for periods of days to 
(exceptionally) months in some 
saccoglossan sea slugs, although 
recent findings cast doubt on whether 
survival of sea slugs is increased by 
this photosynthesis. Regardless of 
the significance of the kleptoplastid 
photosynthesis, there is still the 
problem of how plastids remain 
functional for such long periods in the 
absence of the algal nuclei. While there 
are differences in the number of plastid 
genes depending on the source of the 
plastids (fewer in green than in red or 
heterokont plastids), the great majority 
of the genes involved in the synthesis 
of replacements for damaged plastid 
proteins are in the algal nucleus.
Algal contributions to global 
biogeochemical cycles
Algae contribute about half of the total 
global primary productivity measured 
as carbon. Most algal productivity is 
carried out by phytoplankton. Since 
phytoplankton usually contain more 
nitrogen and phosphorus relative to 
carbon than do embryophytic plants, 
more nitrogen and phosphorus may 
be assimilated globally by algae than 
by embryophytes. Phytoplankton cells 
under natural conditions generally 
only live for days in the upper layer 
of water bodies before grazing, viral 
lysis or sinking removes them, while 
embryophytes generally live for 
weeks to centuries, so that there is 
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phytoplankton than of embryophytes. 
Algae are at the basis of essentially all 
marine food chains, some freshwater 
food chains and a small minority 
of terrestrial food chains. Progress 
is being made in allocating marine 
phytoplankton productivity among 
higher taxa of algae, using satellite 
observations. 
While some algae can only grow 
in the light with an inorganic nutrient 
source, representatives of many higher 
taxa are mixotrophic, that is they use 
external organic materials for their 
growth as well as light and inorganic 
chemicals; some of these can grow 
in continuous darkness. In ecological 
and biogeochemical terms, the most 
important members of this group are 
planktonic phagomixotrophs, or free-
floating mixotrophs ingesting organic 
particles. A few algae have lost the 
capacity for photosynthesis, and live 
entirely heterotrophically.
Algae, initially solely as 
cyanobacteria, were responsible for 
producing all biogenic oxygen from 
the Global Oxygenation Event about 
2.35 billion years ago until the origin 
of a terrestrial embryophyte flora 
in the Ordovician (Figure 2B). The 
build-up of oxygen in the atmosphere 
and ocean depends not just on 
oxygen production from oxygenic 
photosynthetic organisms, but also 
on the burial (mainly in the oceans) of 
organic carbon which has escaped 
oxidation by heterotrophic organisms.
Human involvement with algae
As briefly discussed at the beginning 
of this article, there are many ways 
in which humans interact with algae. 
Positive direct interaction of algae with 
humans include the use over thousands 
of years of macroalgae as human food 
and the much more recent growth 
of microalgae as sources of health-
promoting dietary supplements such 
as b-carotene and other antioxidants. 
Phycocolloids from macroalgae, 
such as agar and carrageenans from 
red algae and alginate from brown 
algae, are used in the food industry, 
in microbial culture media and as soil 
conditioners. Yet to achieve large-scale 
commercial viability is the use of algae 
to produce biofuels. 
Negative direct interactions include 
‘pond slime’ in garden ponds, green 
tides in estuaries, and blooms of toxic 
cyanobacteria in fresh and brackish 
waters which have killed domestic animals, and of toxic eukaryotic 
algae which can make shellfish unfit 
for human consumption and directly 
harm animals. Some of these negative 
outcomes result from human activities 
leading to the enrichment of water 
bodies in algal nutrients. Indirect 
effects, or those that would not 
necessarily be thought of by many 
people as related to algae, include 
forming the basis of food chains 
producing edible fish, and ecosystem 
services such as oxygen production.
The role of -omics in understanding 
algae
The many cyanobacterial completed 
genome sequences, and the 
increasing number of completely 
sequenced genomes of eukaryotic 
algae from a range of higher taxa are 
showing the potential for metabolic 
pathways not previously suspected to 
occur, such as the Entner-Doudoroff 
variant of converting glucose into 
pyruvate in a diatom. Metagenomics 
has been very important in 
characterising uncultured, and (at 
the moment) unculturable algae. 
An example mentioned above is 
the occurrence of a photosynthetic 
pigment characteristic of haptophyte 
algae in very small cells (2–4 μm 
diameter) in environmental samples 
from the open ocean. Metagenomics 
has shown that the cells with this 
pigment are indeed haptophytes, and 
from a previously uncharacterised 
clade. Of course, (meta-)genomics has 
its limitations — knowing the size of 
these haptophytes relies on filtration 
rather than -omics.
Summary
The algae as defined here are a 
functional group of organisms that 
carry out oxygenic photosynthesis 
and are not embryophytes — they 
include both bacterial (cyanobacteria) 
and eukaryotic organisms. Oxygenic 
photosynthesis is monophyletic, and 
its occurrence in a majority of major 
eukaryotic clades is a result of primary, 
secondary and tertiary endosymbiosis 
followed by genetic integration of the 
endosymbionts into the eukaryotes.
The algae have a great diversity 
of life cycles; many have a sexual 
component, and there is evidence of 
gene transfer in some species lacking 
obvious sexuality. Algae have a great 
range of shapes and sizes, from 
spherical cells with 0.5 μm diameter to 
60 m long multicellular thalli. There are about 72,500 validly 
described species of algae; they 
live in the top 300 m of marine and 
inland waters, and on land, as free-
living organisms or in symbiosis. 
Algae make very large contributions 
to biogeochemical cycles: they are 
responsible for about half of global 
primary productivity (carbon dioxide 
assimilation and oxygen production). 
Humans and algae have a large 
number of interactions, both positive 
and negative. As with many other 
large groups of organisms, -omic 
technologies are being increasingly 
used in the study of algae.
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